Background: Pelvic bone marrow (PBM) preservation is one of the factors that should be taken into consideration while choosing a technique for radiotherapy of pelvic malignancies. Aim: To dosimetrically compare between volumetric-modulated arc therapy (VMAT) and intensity-modulated radiotherapy (IMRT) in PBM preservation in radical treatment of high-risk prostate cancer. Methods: In 26 patients with high-risk prostatic carcinoma, dual arc VMAT and 7 fields IMRT plans were generated. In every patient, two targets were defined, clinical target volume (CTV) including the prostate and seminal vesicles (CTV-PSV) and CTV including pelvic lymph nodes (CTV-LN). The organs at risk delineated were the rectum, urinary bladder, small intestine, bulb of the penis, femoral heads bilaterally and PBM. The dose prescribed to the CTV-PSV was 76 Gy in 38 fractions given over 7.5 weeks and the dose to CTV-LN was 54 Gy in 38 fractions given over 7.5 weeks. Planning target volume (PTV) was created from the CTV with a margin of 5 mm in all direction. For assessment of PBM dose, V10, V20, V30, V40, V50 and mean dose were calculated. The dose volume histogram of PTV and PBM for both techniques was compared. Results: The mean dose of PTV 54 Gy was achieved in both techniques adequately with better sparing of organs at risk with the VAMT technique. The mean dose for PBM in the VMAT technique was significantly less than that in the IMRT (21.7 Gy vs. 25.8 Gy, respectively; p < 0.001). The significant differences in PBM doses were in the range of 20 Gy to 40 Gy. Conclusion: In radical treatment of prostate cancer, VMAT technique can offer comparable conformality to IMRT with better PBM preservation. Awareness of PBM delineation and reduction of its doses using VMAT can help to decrease the hematological toxicity.
INTRODUCTION
Prostate cancer is considered the most common malignancy in males. It is the 4 th leading reason of cancer-related death in the developed countries 1 . Prostatic radiation therapy concurrent with androgen deprivation has become the main treatment for locally advanced disease. The approved prescription dose for these patients is 70 to 78 Gy delivered in 1.8 -2 Gy/fraction over 7-8 weeks with a pelvic lymph nodes (LNs) dose of 45-50 Gy 2 .
The escalation of the dose is now applicable using new radiotherapy techniques, such as intensitymodulated radiotherapy (IMRT), creating concave dose isodose lines around the target while protecting organs at risk (OARs) 3 . Compared to 3-dimensional conformal radiation therapy (3-D CRT), IMRT delivers a lower dose to the rectum and bladder with better coverage of the target volumes 4 . Comparison between volumetric-modulated arc therapy (VMAT) and IMRT in different studies showed that VMAT has better efficiency. Many trials confirmed that the rectum and bladder are better spared by VMAT than IMRT. VMAT treatment time is less than IMRT as fewer motor units (MUs) are needed to deliver the same dose distribution by single arc [5] [6] [7] .
At least 50% of the active bone marrow (BM) of the adults is present in the lumbar spine, sacral bone, ilium, ischium, pubic bones, and upper femur. Bone marrow is highly sensitive to radiation therapy due to its cytotoxic effect 8 .
Androgen deprivation therapy (ADT) given concurrently with radiation therapy can increase its hematological toxicity. The hematological toxicity of ADT was not fully evaluated in prostate cancer clinical studies.
The blood lymphocytes are frequently assessed in radiobiological assays as it is easy to obtain and show high sensitivity to radiation 9 . The preclinical data and humans' limited information suggest that androgen hormones may have a role in regulating different hemopoietic cells. Limited data are available about the influence of ADT on immunity cells and platelets. In a trial evaluating 141 prostate cancer patients who received radiotherapy plus 4 months of combined androgen blockade, hemoglobin decreased by about 3.1 g/dl, and 81% of men developed hemoglobin drop of >2 g/dl 10 . Thrombopoiesis is also regulated by androgens, as the androgen receptor is expressed on megakaryocytes and regulated by androgens 11 .
There is no specific recommendation regarding dose volume objectives for pelvic bone marrow (PBM) sparing to decrease the possibility of the hematological toxicities 12 . However, many studies revealed a correlation between the hematological toxicity and the PBM dosimetric parameters in anal and cervical carcinoma patients. In anal cancer patients, the suggested dose constraints to the lumbo-sacral spine were V10 ≤ 80%. Keeping the mean dose of PBM < 22.5 Gy and < 25 Gy has been associated with 5% and 10 % incidence of hematological toxicity, respectively 13 .
Studies that assessed cervical cancer suggested that PBM dose of V10 ≥ 90 % had higher incidence of grade 2 hematological toxicity rates than PBM dose V10 < 90% 14 .
We assume that both dose escalation and the combined use of ADT with radiotherapy can increase the hematological toxicity. Proper selection of the best technique in radiation therapy can decrease the PBM dose, and consequently decrease the hematological toxicity. In this study, we compared the dosimetric results of PBM preservation between dual arc VMAT (Rapid Arc, Varian model) and 7 fields IMRT in radical radiotherapy for prostate cancer who received pelvic LNs irradiation.
METHODS

Study population
26 patients with high-risk localized carcinoma of prostate were selected for this study and all were treated by radical radiotherapy including the pelvic LNs. Luteinising-hormone releasing hormone (LHRH) agonist was given concurrently with radiotherapy.
Treatment planning
Each patient was simulated in head first supine position. Computed tomographic images with a thickness of 3 mm were taken from upper abdomen to 5 cm below the ischial tuberosities with immobilization by a custom vacuum immobilization device, and with state of full bladder and empty rectum condition.
In each patient, two targets were defined, clinical target volume (CTV) including the prostate and seminal vesicles (CTV-PSV) and CTV including the pelvic LNs (CTV LN) common iliac below L5-S1, external iliac, internal iliac and obturator; with 7mm around iliac vessels, carving out bowel, bladder and bone.
Based on standard Radiation Therapy Oncology Group (RTOG) guidelines, the OARs delineated were the rectum, urinary bladder, small intestine, bulb of the penis, femoral heads bilaterally and PBM. Bone marrow was delineated as the marrow cavity 2 cm above and below the planning target volume (PTV).
Two set of plans, one set of dual Arc VMAT and another set of 7-beams IMRT were generated and optimized with similar planning objectives to each patient. For all patients, the dose prescribed to the CTV-PSV was 76 Gy in 38 fractions given over 7.5 weeks and the dose to CTV-LN was 54 Gy in 38 fractions given over 7.5 weeks. The PTV was created from the CTV with an additional margin of 5 mm in all direction.
The plans were analyzed according to the dosevolume histogram (DVH), and the coverage of the target volume V95%. Calculation of all plans was done by 10 MV photon using anisotropic analytical algorithm (AAA).
The PBM dose was analyzed with different dose volume objectives since there is no exact dose volume objective of sparing level has been recommended. For assessment of PBM dose, V10, V20, V30, V40, V50 and mean dose were calculated for both VMAT and IMRT plans.
Plan evaluation and acceptance
All plans were evaluated based on DVH scoring values of PTVs and OARs. The PTV was evaluated using the conformity index (CI), in association with the homogeneity index (HI) and dose gradient index of the distribution of the dose. Conformity Index equals VRI / TV, where "VRI" is reference isodose volume and "TV" is the target volume. Homogeneity Index equals Imax / RI, where "Imax" is maximum isodose in the target and "RI" is the reference isodose.
The statistical analysis was done with the use of SPSS (version 16.0.0, SPSS, Chicago, USA). P-value less than 0.05 was considered of significance statistically.
RESULTS
VMAT plans of most patients showed better DVH and CI than IMRT plans (table 1) .
The mean dose of PTV 56 Gy for both techniques was satisfactory and comparable with better OARs (bladder and rectum) sparing using VAMT techniques.
The mean CI differed significantly between the VMAT and IMRT techniques, while the mean HI did not differ significantly between them (table 1).
The mean dose for PBM in the VMAT technique (21.7 Gy) was significantly less than that in the IMRT one (25.8 Gy) as shown in table 1.
The axial, sagittal and coronal views of dose distribution for one of the study patients by both techniques are illustrated in figures 1 (IMRT) and 2 (VMAT). Figure 3 shows the DVH for PBM of patient's plans. The mean values of V30 differed significantly between the IMRT and VMAT techniques (p < 0.05). Similarly, the mean values of V40 differed significantly (p < 0.05). The other investigated BM volumes as V5, V10, V15, V45 and V50 showed no statistical significance between IMRT and VMAT.
Table 1: Comparison between volumetric-modulated arc therapy (VMAT) and intensity-modulated radiotherapy (IMRT) as regards conformity index (CI), homogeneity index (HI) and pelvic bone marrow (PBM) dose
The Dmax and mean dose for the rectum were significantly higher with IMRT (77.5 Gy and 42.1 Gy) than with VMAT (76.2 Gy and 38.7 Gy) (p < 0.05). Similarly, the Dmax and mean dose for the bladder were significantly higher with IMRT (77.6 Gy and 45.3 Gy) than with VMAT (76.4 Gy and 42.5 Gy) (p < 0.05).
For PTV 56 Gy Dmin, mean dose and Dmax were 55.4 Gy, 60 Gy and 78.2 Gy in IMRT plans respectively, while they were 57.3 Gy, 58.2 GY and 77.6 Gy in VMAT plans respectively, with statistically significant difference in favor of VMAT (p < 0.05).
For PTV 76 Gy Dmin, mean dose and Dmax were 70.8 Gy, 75.9 Gy and 80 Gy in IMRT plans respectively; while they were 71.8 Gy, 77.9 Gy and 78.6 Gy in VMAT plans respectively, with statistically significant difference in favor of VMAT (p < 0.05).
DISCUSSION
Both radiation and ADT are myelosuppressive, and combined treatment can lead to significant hematological toxicity. The irradiated bone marrow volume and the received dose affect the extent if its injury as shown in clinical studies 15 .
A large volume of active PBM is affected using the 3-D conformal technique, especially in the pelvic bones and lower vertebrae, but using IMRT technique can decrease the bone marrow that receives 20 Gy or higher.
Figure 1: Dose distribution of intensity-modulated radiotherapy (IMRT) plan in one patient: A) Axial, B) Sagittal and C) Coronal views
The possibility of bone marrow sparing is limited by difficulties to avoid the large BM volume included in the radiation field 16 .
There is limited awareness of PBM delineation during the process of radiation, explained by the deficient data regarding the exact PBM tolerance doses and limited data that translate the DVH scores into definitive hematological changes. Based on many studies showing better OARs preservation (rectum and bladder) by VMAT when compared to IMRT 17, 18 , we hypothesized that VMAT may spare PBM better than IMRT with comparable PTV distribution.
Figure 2: Dose distribution of volumetric-modulated arc therapy (VMAT) plan in one patient: A) Axial, B) Sagittal and C) Coronal views
In our study, Both VMAT and 7-fields IMRT showed satisfactory PTV 56 Gy and PTV 76 Gy coverage; however, VMAT showed higher PTV 56 conformality and homogeneity than IMRT.
Comparable results of PTV coverage were shown by Rao et al, who reported that more uniform plans were provided by VMAT than IMRT with more rapid treatment delivery and less MUs 5 .
Our results showed statistically significant better PBM sparing by VMAT than IMRT in terms of PBM mean dose, V20, V30 and V40. The Mean dose for PBM by VMAT technique was significantly less than IMRT.
Figure 3: Dose-volume histogram (DVH) for pelvic bone marrow of patient's plans showing better sparing with volumetric-modulated arc therapy (VMAT) than intensity-modulated radiotherapy (IMRT)
Similar results were reported in another study, in which VMAT had better PBM preservation than IMRT in cervical cancer patients who received pelvic LNs irradiation, and the bone marrow mean and D40% dose with VMAT and IMRT were 30.128 ± 1.94 and 34.399 ± 2.09; 32.216 ± 2.72 and 37.397 ± 2.87 respectively 19 .
In this study, we observed that the difference between VMAT and IMRT was in the range including V20, V30 and V40 and also the mean PBM dose with a statistical significance. This observation raises the importance of the use of VMAT rather than IMRT, as according to RTOG 0418 phase II clinical trial, the higher the mean dose and more V40, the higher haematological toxicity of concurrent chemoradiotherapy in cervical carcinoma 20 .
Other studies showed that delayed recovery of BM volumes with possible irreversible damage occurs with BM doses more than 30 to 50 Gy 8, 9 . Our study showed that BM mean doses and different volumes start from V20, V30, V35 and V40 dose with IMRT and VMAT. This is comparable to another study that showed in which the mean of V10, V20, V30, and V40 of whole PBM were 80%, 36%, 77% and 36%, respectively. However, in that trial V30, V40 of sacral bone and ischial bone were higher due to its closeness to the planning target volumes. The iliac bone V30 was relatively higher as sparing of the bowel loops lead to higher dose accumulation in the iliac bone 21 .
The matched results of many studies correlating the acute hematological toxicities, with the BM mean dose and the range between V20 to V40 may give specific suggestions regarding BM tolerance dose during radiotherapy planning in pelvic lymph node irradiation for prostatic carcinoma.
According to our study, we suggest that the use of VMAT can lead to decrease in hematological toxicity through the reduction of specific clinically important PBM dose volume levels.
Further clinical trials are needed to correlate these PBM doses with clinical acute BM toxicity, as more sparing of PBM can lead to less risk of hematological toxicity.
Conclusion
In high-risk prostate cancer patients receiving pelvic LNs irradiation, VMAT has better coverage of the target with better PBM sparing than IMRT. The toxicity of BM needs to be correlated with radiation dose and volume in future clinical trials. Increased awareness of PBM delineation and defining a clear BM tolerance can lead to decreased hematological toxicity.
